Metal-organic frameworks (MOFs) are an emerging class of porous materials comprising metal components and organic ligands. They are characterized by extremely large surface areas (S BET ) and high structural/compositional flexibility that confer them with potential for myriad applications, including gas sorption and separation,[1] catalysis, [2] sensing [3] and biomedicine. [4] Seeking to exploit this exceptional porosity, researchers have spent the past 20 years bringing MOFs ever closer to real industrial applications. For instance, several fast, low-cost methods are currently being developed for industrial-scale synthesis and commercial distribution of MOFs.
Herein we present a one-step, alternative, rapid and scalable spray-drying (SD) synthesis of MOF@polymer composites with enhanced hydrolytic stabilities. We recently reported that SD enables continuous in situ synthesis of MOFs (hollow spherical MOF superstructures and MOF nanocrystals). [16] Here, we exploit SD to encapsulate pre-formed MOF crystals in a polymeric matrix to generate microscale MOF@polymer spheres ( Figure 1a ). Our method does not require any purification or filtration steps, since the composites are obtained directly in a dried, pure form. In these composites, the polymer protects the embedded MOF crystals against water molecules, without substantially decreasing their initial sorption capacity, and increases their water resistance in terms of porosity properties.
For proof-of-concept we chose HKUST-1 as the water-sensitive MOF, and polystyrene (PS) as the organic polymer. We chose PS because it is strongly hydrophobic and water-resistant. And we chose HKUST-1 because it is a porous MOF, with a large S BET (~1400 m 2 /g) [17] and is considered among the best MOFs for CH 4 storage at room temperature. 18 However, despite the promise of HKUST-1 for many industrial applications, it is clearly limited by its poor hydrolytic stability. Previous 1 H and 13 C NMR studies have revealed that HKUST-1 breaks down in the presence of water. [19] Moreover, in one study using water-vapor isotherms, a single isotherm of HKUST-1 run at 298 K led to an approx. 50% decrease in the S BET . [20] Furthermore, the crystal structure and sorption capacity of HKUST-1 (which is deep blue) are dramatically affected upon its exposure to humidity, leading to the generation of new, non-porous phases (which are light blue) via protonation of 1,3,5-benzenetricarboxylic acid (BTC) ligands and/or formation of Cu(II) hydroxide. [21] Our synthesis of HKUST-1@PS began with preparation of a stable colloidal suspension of HKUST-1 crystals (10 mg/mL; S BET = 1430 m 2 /g; average size: 150 nm) in dimethylformamide (see SI and Figure S1 ) and a solution of PS (10 mg/mL) in dichloromethane (DCM). Then, 30 mL of the HKUST-1 colloid were mixed with 150 mL of the PS solution. This mixture was atomized using a two-fluid nozzle at a feed rate of 4.5 mL/min, a flow rate of 336 mL/min and an inlet temperature of 130 °C, using a B-290 Mini Spray Dryer (BÜCHI Labortechnique). After 40 min. of continuous spraying, 1.7 g of a blue powder were recovered (yield: 95%). The sample was then washed with ethanol and dried at 120 °C under vacuum. This product was analyzed through field-emission scanning electron microscopy (FESEM), which indicated that it comprised smooth microspheres of HKUST-1@PS composites (average size: 3.6 ± 1.7 μm) ( Figure 1b ) and did not contain any free HKUST-1. X-ray powder diffraction (XRPD) analysis of these spheres revealed a perfect match with the HKUST-1 pattern (Figure 1c) . The exclusive presence of microspheres and the match in XRPD patterns evidenced that HKUST-1 crystals were indeed entrapped within the polymeric matrix of PS. This entrapment was further confirmed by EDX ( Figure S2 ) and by embedding these HKUST-1@PS spheres in a polymeric resin, cutting this resin into nanometric slices (average thickness: 100 nm) using a microtome, and then analyzing the slices by FESEM. The images showed numerous holes, mainly in the core of the microspheres, further proving the encapsulation of HKUST-1 crystals. We reasoned that the holes had formed during the slicing process, when the crystals, which were in the same size range as the slices themselves (Figure 2b ), were pushed out by the mechanical force of cutting.
The content of HKUST-1 in the composite was estimated by dissolving the PS spheres in DCM and recovering the crystals by centrifugation. The crystals were dried and weighed, from which a HKUST-1 content of 18% w/w (hereafter, w HKUST-1 /w composite ) in the composite (hereafter, HKUST-1@PS_18) was determined. This percentage is similar to the initial value (20% w/w), confirming that SD is very efficient for encapsulating MOF crystals. In addition, N 2 sorption measurements (done at 77 K and 1 bar) of these HKUST-1 crystals proved that they had retained their sorption capacity (S BET = 1301 m 2 /g) after encapsulation.
Having determined that the HKUST-1 had retained its porosity during formation of the composite, we then evaluated the composites for protection against hydrolysis and for sorption capacity inside the matrix. To study the former, a sample of HKUST-1@PS_18 was incubated in liquid water (pH ~6.7) and acidic aqueous solution (pH < 1) at 298 K and atmospheric pressure with stirring overnight. In all cases, the incubated composites maintained the same spherical morphology (as confirmed by FESEM), and their XRPD patterns coincided with that expected for HKUST-1 ( Figure 1c and S3). Contrariwise, when bare HKUST-1 crystals were incubated in liquid water under identical conditions, they broke down into a new, non-porous phase that comprised BTC and copper oxo-species ( Figure S4 ). [22] Remarkably, the crystals that had been incubated in the acidic solution dissolved completely within a few minutes. Thus, we concluded that PS effectively protects HKUST-1 crystals from hydrolytic degradation. However, based on the N 2 sorption studies, we found that the protection offered by PS implies reduced access to MOF pores. Since PS capsules are non-porous (but still permeable to gas and vapors by solubilisation-diffusion processgeneral mechanism in dense polymer-at an extremely slow rate) ( Figure S5 ), we attributed the non-porous character of the HKUST-1@PS_18 to the thick external layer of PS ( Figure  2b ), which did not allow the N 2 molecules to diffuse down to the HKUST-1 crystals embedded mainly in the core of the composite.
We then sought to assess the hydrolytic stability and porosity of HKUST-1@PS composites of diverse compositions, seeking to find an HKUST-1/PS ratio that would provide both porosity (as measured by N 2 sorption) and water protection. Thus, we systematically synthesized a series of composites in which we varied the amount of HKUST-1 crystal used in the SD synthesis (w/w: 33%, 50%, 63%, and 80%). Under the conditions studied, the composite with a content of 63% w/w offered the optimal balance between porosity and protection. As expected, a greater amount of HKUST-1 led to greater filling of the PS matrix and to a more homogenous distribution of crystals within the spherical PS matrix. Consequently, in the composites with higher HKUST-1 content, there were more HKUST-1 crystals located near the polymeric surface. This trend was evidenced by analyzing thin slices of each composite by FESEM (Figure 2b and S6) . It was also supported by the FESEM images of the bare composites, in which we observed that greater surface roughness correlated to higher HKUST-1 content clear evidence that the embedded crystals were localized increasingly closer to the surface (Figure 2a) . Importantly, we observed complete coating of the HKUST-1 crystals in all cases except for HKUST-1@PS_80, in which the low relative amount of PS meant that a high percentage of HKUST-1 crystals remained at the surface and could not be entrapped. This structure dictated the hydrolytic stability of the composite: incubation of HKUST-1@PS_80 in liquid water (pH ~6.7) at 298 K and atmospheric pressure with stirring overnight led to complete degradation of the HKUST-1 crystals, as evidenced by an absence of any peaks attributable to HKUST-1 in the XRPD spectrum of the resulting product ( Figure S7) . Contrariwise, the other composites remained stable under the same conditions (Figure 2c ).
We further studied the porosity of the water-stable composites (HKUST-1@PS_33, HKUST-1@PS_50 and HKUST-1@PS_63), through N 2 sorption measurements done at 77 K. Remarkably, all were porous to N 2 . The S BET values increased with increasing content of HKUST-1: 32 m 2 /g for HKUST-1@PS_33; 277 m 2 /g for HKUST-1@PS_50; and 757 m 2 /g for HKUST-1@PS_63. Given that PS is non-porous to N 2 , we attributed the sorption to the entrapped HKUST-1 crystals; therefore, these S BET values can be expressed in m 2 per grams HKUST-1: S BET : 97 m 2 /g for HKUST-1@PS_33; S BET : 554 m 2 /g for HKUST-1@PS_50; and S BET : 1202 m 2 /g for HKUST-1@PS_63 (Figure 2d) . From these values, we found that the sorption performance retention (SPR) values (expressed as a percentage relative to the initial HKUST-1 -S BET : 1430 m 2 /g) were 7% (HKUST-1@PS_33), 39% (HKUST-1@PS_50) and 84% (HKUST-1@PS_63). The observed increase in porosity correlates well with the presence of thinner PS shell layers and higher ratios of HKUST-1 crystals to PS. Thus, it appears that thin PS layers are accessible enough for the N 2 molecules to diffuse down to the embedded HKUST-1 crystals and that these crystals are internally accessible, presumably due to the low content of PS.
Considering the excellent SPR of HKUST-@PS_63, we also studied its CO 2 and CH 4 sorption capacity. Type I CO 2 and CH 4 isotherms were collected at 295 K and 0.96 bar on HKUST-1 and on HKUST-1@PS_63. The former absorbed 93.9 cm 3 /g of CO 2 and 16.5 cm 3 /g of CH 4 , and the latter 61.6 of CO 2 and 13.0 cm 3 /g of CH 4 (expressed in cm 3 per grams HKUST-1: 97.8 cm 3 /g and 20.7 cm 3 /g) (Figure 3a and 3b) . We attributed the slightly higher values (in grams of HKUST-1) for the composites to the moderate CO 2 (4.38 cm 3 /g) and CH 4 (2.62 cm 3 /g) sorption capacity already exhibited by the bare PS spheres. These results revealed that the composites are porous to non-polar molecules (N 2 and CH 4 ) and polar molecules (CO 2 ) and exhibit most of the sorption of standard HKUST-1.
To study the hydrolytic stability and porosity of HKUST-1 when encapsulated into PS microspheres, we incubated a sample of HKUST-1@PS_63 in liquid water (pH ~6.7) at 298 K and atmospheric pressure under stirring overnight (the same experiment we had previously done for HKUST-1@PS_18). Similarly to what we had earlier observed with HKUST-1@PS_18, the HKUST-1@PS_63 spheres did not undergo any morphological changes and their XRPD pattern was consistent with the pattern expected for HKUST-1. Importantly, these water-stability results correlated with the sorption performance. The N 2 isotherm at 77 K revealed that the efficacy of the composite was almost fully conserved: the post-incubation SPR value was 72% (Figure 3c ). Contrariwise, under identical conditions, bare HKUST-1 crystals completely lost their sorption capabilities, again breaking down into the non-porous phase comprising BTC and copper oxo-species (vide supra).
The aforementioned result prompted us to compare the long-term hydrolytic stability of nonencapsulated HKUST-1 crystals to that of HKUST-1@PS_63, by exposing each one to high relative humidity (RH). The two materials were placed in an incubation chamber at 80% RH and 300 K ( Figure S8) . Samples of each material were taken at different time-points during incubation, and then studied by N 2 isotherms and by XRPD (Figure 3d, S9 and S10) . The S BET of HKUST-1 decreased by 56% after 8 h incubation, by 78% after 24 h, and by 96% after 1 week (final value: 64.0 m 2 /g). In contrast, the composite was much more resistant to the same conditions: its S BET (expressed in grams of HKUST-1) decreased from 1202 to 1111 m 2 /g after 8 h (SPR = 77%; relative to the initial HKUST-1 crystals -S BET : 1430 m 2 /g), whereas after one week its S BET decreased to 782 m 2 /g (SPR = 55%). Interestingly, even after 1 month of incubation, the composite retained some of its initial sorption capacity, showing an S BET of 417 m 2 /g (SPR = 29%).
We also confirmed the hydrolytic stability of HKUST-1@PS_63 by separately measuring its CH 4 sorption and CO 2 sorption after 1 month of incubation at 80% RH. In both cases, type I isotherms collected at 295 K and 0.96 bar revealed that it still adsorbed 34.5 cm 3 /g of CO 2 and 6.40 cm 3 /g of CH 4 (expressed relative to grams of HKUST-1: 54.76 and 10.16 cm 3 /g, respectively; SPR = 58% and 63% of its original sorption capacity, respectively) ( Figure S12 and S13).
Finally, we investigated the water-vapor sorption properties of HKUST-1@PS_63. It is wellknown that HKUST-1 shows a high water sorption affinity and uptake (reported water uptake at 298 K and P/P 0 = 0.9 ranged from 0.37 g H 2 O/g HKUST-1 to 0.64 g H 2 O/g HKUST-1), but it loses a substantial percentage (~ 16%) of its water sorption capacity after each successive adsorption/desorption cycle because it is not very stable in water vapors. [23,20b] These observation are in agreement with gravimetric water sorption measurements that we performed on our bare HKUST-1 (Figure 3e and S13) . In them, we found: (i) the typical two-step adsorption process;20b,23c (ii) a maximum water uptake of 0.39 g H 2 O/g HKUST-1; (iii) the previously observed hysteresis in the desorption branch (0.13 g H 2 O/g HKUST-1 is not desorbed after completing the desorption) due to chemisorption and/or the partial decomposition of HKUST-1 ( Figure S13) ;[20b] and (iv) losses 33% and 48% of its maximum water uptake after the second and third water adsorption/desorption cycles, respectively, also due to its hydrolytic degradation (Figure 3e ).[23c] Importantly, the same measurements performed on HKUST-1@PS_63 showed the same type of adsorption isotherm with a similar maximum water uptake of 0.27 g H 2 O/g HKUST-1@PS_63 (expressed in grams H 2 O per grams HKUST-1: 0.43 g H 2 O/g HKUST-1; Figure 3f ). However, the desorption branch did not present hysteresis ( Figure S14 ), indicating that all the water molecules had desorbed from the composite. This difference can be attributed to the higher water stability of HKUST-1@PS_63, suggesting that the hysteresis observed in HKUST-1 is mainly due to its hydrolytic degradation. The potential use of HKUST-1 incorporated in the composite as a water adsorbent was further confirmed by performing three consecutive water adsorption/desorption cycles. In contrast to HKUST-1, the composite maintained its water sorption uptake over the three cycles (Figure 3f) , in which values of 0.47 g H 2 O/g HKUST-1 and 0.44 g H 2 O/g HKUST-1 were obtained in the second and third cycles, respectively.
In summary, we have demonstrated that SD encapsulation of crystals of the water-labile MOF HKUST-1 into PS microspheres is a straightforward, rapid and continuous method to protect the compound against liquid water and water vapors. Our method does not require any filtration or purification steps. Although encapsulation always implies a compromise between the protection offered by PS, and the pore accessibility of the encapsulated porous material, SD has enabled us to fine-tune the HKUST-1/PS ratio to achieve optimal tradeoff in our HKUST-1@PS composites: they are resistant to liquid or vapor water yet retain most of the sorption capacity of HKUST-1. As in MOF mix matrix membranes,24 the permeability of the organic polymer in the composite should be one of the key factors to understand and enhance the gas and vapor transport towards the embedded MOF crystals. Here, for example, further experimentation aimed to study the water uptake kinetics is currently underway. Nevertheless, this method should enable modular fabrication of various functional composites, based on the ever-expanding pool of MOFs and organic polymers, for a wide array of industrial applications such as CO 2 capture from flue gas streams, heat pumps or adsorption chillers.
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